Abstract. Change Ranking of Product Subsystems (CROPS) is a computer program that is designed to act as a decision-making aid for designers during early stages of their product redesign process. It generates a ranking of all subsystems within the existing product design architecture based on their estimated redesign risk. This information assists designers in selecting the right existing subsystems to be initially changed to satisfy the driving requirements, which have to be quickly decided. In this program, evaluation of redesign risk captures both direct and indirect change effects that potentially result from the modification of each subsystem. Designers are provided with a relative reference as to how risky and extensive it is to change one subsystem over the others, which can be useful when they have options to pick between several subsystems to modify for the same redesign requirement.
Introduction
Product development process today has been progressively perceived as an art of making series of changes on existing design until it satisfies the driving requirements. By reusing already proven design elements and solution principles, a faster product development process can be accomplished. This also helps to leverage costs and risks for customized product varieties, which are essential to succeed in current increasingly fragmented product market due to diverse customer demands. These characteristics make it more attractive to redesign existing products that have been successful in the market (whenever possible) than to develop a totally new product when the customer requirements changed.
Redesigning existing products is hardly a straightforward process. The level of interrelationships between the product components dictates its susceptibility to the change propagation phenomenon. This is when the effects of redesign change made on one component are subsequently propagated to other components within the product design architecture. This complicates the prediction of the full effects from the proposed product redesign efforts. In general, this condition affects budgets and scheduling constraints of the product development process, mostly in an unexpected manner [1] .
In redesign process, lack of early product knowledge is not an issue. The major question is then how this available information can be effectively used to aid the making of better redesign decisions early in the process. Presently, most product redesign processes have been executed in as necessary manner without any proper strategic planning. But unlike original development, product redesign is constricted by baseline flexibility, tighter budget and shorter development timeframe. If the redesign effort costs and requires time as much as the original development to satisfy similar requirements, it is hard to justify the investment against often higher market interest for originals. It is important for designers to be able to make right decisions from beginning of the process such that the redesigned product satisfies the requirements while making the most out of the allocated resources. In response to this need, Change Ranking of Product Subsystems (CROPS) tool is currently developed.
CROPS Program Outline
CROPS is designed to be applied during the early stages of product redesign process. In general, it is tailored to facilitate designers in deciding on the best product subsystems to be changed for the redesign task at hand. To derive this, it is required to know how risky it is to change one subsystem in relative to others. CROPS works based on the model input of the product to be redesigned. Since the program algorithm for estimating the subsystem's redesign risk covers both possible direct and indirect propagated change effects from the subsystem, the model has to be appropriately defined to enable the analysis. Once the analysis is completed for each subsystem, they are ranked according their estimated redesign risk score. The program outline is summarized in Fig. 1 .
Fig. 1: CROPS Program Outline
Redesign Risk Estimation. The required amount of redesign costs and efforts will translate into risks if the existing product fails to meet the requirements after it has already been changed. Based on a scheme in product risk management field, redesign risk associated with the changes made on a subsystem can be estimated by the product of its likelihood to require the changes and the measure of subsequent change impacts [2] .
It is known that change propagation is only possible between two subsystems if they physically or functionally linked. By this knowledge, the number of links that are identified between them can be a descriptive measure for their possibility of requiring changes when the other one is modified. In addition, to capture indirect change propagation effects in the estimation of the redesign risk, change likelihood of subsystems throughout possible propagation paths should be taken into account. Overall, subsequent change likelihood for subsystem i that is directly linked to subsystem j (which has been selected to be changed) can be estimated using Eqn. 1. 
Meanwhile, estimated change likelihood for subsystem k that is indirectly linked to subsystem j through component i is given by Eqn. 2.
For engineering projects, risk analysis is often placed on feasibility and viability of the product design and its development process [3] . With this argument, change impact measure can be tailored to the expected cost and the process difficulty to execute the redesign modification. The assignment of change impact measure, I can be based on the assessment of available technologies and resources at designers' disposals to execute the prescribed changes. Each subsystem in the model is assigned with their predicted change impact rating based on a simple qualitative rating scale as in Table 1 .
Both change likelihood and change impact measure will be used in calculating the estimated total redesign risk, R. For instance, with the selection of subsystem j as initiating change subsystem, and its modification directly affects subsystem i and indirectly affects subsystem k through subsystem i, can be evaluated using Eqn. 3.
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Change impact is expected to be low and the subsystem is preferred to be changed in relative to others.
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Change impact is expected to be manageable and there is no preference in changing this subsystem relative to others.
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Change impact is expected to be high and the subsystem is preferred NOT to be changed in relative to others.
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Change impact is expected to be very high and the subsystem is highly preferred NOT to be changed in relative to others.
Example Case Study: Aircraft Redesign
To demonstrate CROPS application, a formulated case study of aircraft redesign is presented in this paper. Although an actual existing aircraft system model is highly preferable here, that is hard to do due to limited availability of descriptions regarding their full subsystems build-ups. Hence the next best thing for this example case study is to create a notional aircraft system using generalized subsystems information of few existing aircraft models. To be aligned with the industrial practices, the physical decomposition is tailored to standard ATA 100 classification [4] and the summarized design structure matrix (DSM) representation of the notional aircraft is given in Table 2 . Note that only nine subsystems are included in the aircraft model for better demonstration. The numbers in the model correspond to the change likelihood as estimated using Eqn. 1. It should be noted that change effects propagation does not always work both ways and therefore the DSM model is not necessarily symmetric. Two scenarios are formulated for the sample case study to observe the sensitivity of the proposed method in capturing different preferences and objectives of the redesign process. The first scenario assumes the subsystems to have an equal level of change impact and there is no change preference between them. This condition is captured by assigning change impact rating for all subsystems as 1. On the other hand, second redesign scenario is linked with cost factor. It is taken that subsystems with a high development cost are more expensive to be changed and thus they are preferred not to be affected by the redesign. The assignment for this second scenario is made based on the fractional manufacturing cost of Boeing B777-200 aircraft [5] . Table 3 summarizes the assignment of change impact ratings for these two scenarios.
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Mechanical and Aerospace Engineering, ICMAE2011 The output result from CROPS for scenario 1 is shown in Fig. 2 . It is observed that the automatic flight (22) and flight controls (27) subsystems have the highest redesign risk, as both correspond to a relative risk score of 1. On the other hand, the lowest ranked subsystem with respect of being risky to be redesigned is the pneumatic (36) subsystem. Recall the settings applied for scenario 1, which all subsystems are assigned with the same impact rating of 1. Thus the resultant ranking reflects on the risk of having to change other subsystems as a result of choosing the particular subsystem as the initiating subsystem. Based on the constructed notional aircraft system model, both auto flight and flight control subsystems comparatively have among the highest number of interrelationships with the other subsystems. In contrast, pneumatic has the least amount of interconnections. This is also reflected by Fig. 2 , which means that the results are in line with the expectation for this scenario. In the nutshell, choosing auto flight and flight control as the change initiating subsystem corresponds to the highest redesign risk among the nine considered subsystems. On the other hand, pneumatic has the lowest risk if chosen as the change initiator. Hence given a redesign task where either one of the nine aircraft subsystems can be chosen to be initially changed; pneumatic appears as the best choice since changes made to it will not affect most of other subsystems. other hand, observing the risk scores for automatic flight (22), electrical power (24), flight controls (27) and navigation (34); their differences can be contributed to the risk of their propagated change effects. Although they all are assigned with similar change impact rating (indicating that they are of similar level of change cost), their interrelationships to the other subsystems are affecting their risks valuation. Comparing the electrical power and flight controls, for instance, the former gets a lower risk score despite having more links to other subsystems than the latter. It can be argued that this condition happens because, though selecting electrical power also means requiring more subsystems to be redesigned than that imposed from selection of flight controls, most of its affected subsystems are of a low impact rating. Hence the overall redesign risk value is lower than that of flight controls. On the whole, given a redesign task where cost is the main factor for manufacturer and any one of these nine subsystems can be selected for modification, wing is not the best choice as it incurs the highest redesign cost. Alternatively, pneumatic or fuel is the best choice with the cheapest estimated costs.
Conclusions
This paper presents a simple yet powerful tool to assist designers in deciding on the proper initiating change subsystems during early redesign stages. The resultant subsystems ranking from this tool allows designers to gain an insight on how risky their selection is for the redesign task and can be used to support their decision-making process such that the incurred development risk is low. The definition of risk here can vary depending on the redesign goal of the designer, as demonstrated by the example case study, and this adds to the flexibility of application for this tool. It is realized that the results from this tool are sensitive the product model input and the assignment of change impact rating. Users should put a big emphasis on the quality of their inputs into the tool in order to obtain a meaningful output.
